To determine the roles of the ATP-sensitive K + (K ATP ) channels in endocrine pancreas more directly, two types of genetically engineered Kir6.2 mice were developed: mice expressing a dominant-negative form of Kir6 A TP-sensitive K + (K ATP ) channels couple cell metabolism with membrane potential in many cells (1). Metabolic alterations induce changes in the concentrations of ATP and MgADP in cells that inhibit and activate the K ATP channels, respectively. K ATP channels thus function as ATP and ADP sensors in the regulation of many cellular functions, including insulin secretion from pancreatic ␤-cells, excitability of muscles and neurons, and K + recycling in renal epithelia (1). Classic plasma membrane K ATP channels are now known to consist of two subunits: the inward rectifier K + channel member Kir6.2 (2,3) and a sulfonylurea receptor SUR1 (4) or SUR2 variant (5,6)-a member of the ATP-binding cassette transporter superfamily. Pancreatic ␤-cell K ATP channels comprise Kir6.2 and SUR1 subunits, whereas cardiac and skeletal muscle K ATP channels comprise Kir6.2 and SUR2A subunits (7-9). Because the ␤-cell K ATP channel is a regulator of glucose-and sulfonylurea-induced insulin secretion, mutations of SUR1 or Kir6.2 could cause disorders of glucose homeostasis. Mutations of the SUR1 gene were first described in patients with persistent hyperinsulinemic hypoglycemia of infancy (PHHI) (10). PHHI (familial hyperinsulinism), formerly called pancreatic nesidioblastosis, is a rare disorder occurring in neonates and infants, characterized by excessive insulin secretion despite severe hypoglycemia (11). Abnormalities of ␤-cell K ATP channel function are responsible for the pathophysiology of PHHI (12). Mutations of the SUR1 or Kir6.2 gene are now known to cause PHHI (13).
A TP-sensitive K + (K ATP ) channels couple cell metabolism with membrane potential in many cells (1) . Metabolic alterations induce changes in the concentrations of ATP and MgADP in cells that inhibit and activate the K ATP channels, respectively. K ATP channels thus function as ATP and ADP sensors in the regulation of many cellular functions, including insulin secretion from pancreatic ␤-cells, excitability of muscles and neurons, and K + recycling in renal epithelia (1) . Classic plasma membrane K ATP channels are now known to consist of two subunits: the inward rectifier K + channel member Kir6.2 (2,3) and a sulfonylurea receptor SUR1 (4) or SUR2 variant (5,6)-a member of the ATP-binding cassette transporter superfamily. Pancreatic ␤-cell K ATP channels comprise Kir6.2 and SUR1 subunits, whereas cardiac and skeletal muscle K ATP channels comprise Kir6.2 and SUR2A subunits (7) (8) (9) . Because the ␤-cell K ATP channel is a regulator of glucose-and sulfonylurea-induced insulin secretion, mutations of SUR1 or Kir6.2 could cause disorders of glucose homeostasis. Mutations of the SUR1 gene were first described in patients with persistent hyperinsulinemic hypoglycemia of infancy (PHHI) (10) . PHHI (familial hyperinsulinism), formerly called pancreatic nesidioblastosis, is a rare disorder occurring in neonates and infants, characterized by excessive insulin secretion despite severe hypoglycemia (11) . Abnormalities of ␤-cell K ATP channel function are responsible for the pathophysiology of PHHI (12) . Mutations of the SUR1 or Kir6.2 gene are now known to cause PHHI (13) .
Although the K ATP channel is thought to be a major determinant of membrane potential in ␤-cells, the direct consequences of its disruption were not known. In addition, electrophysiological studies find K ATP channels also in ␣-cells , ␦-cells, and pancreatic polypeptide (PP) cells (14) (15) (16) . lmmunohistochemistry and in situ hybridization studies have revealed that both Kir6.2 and SUR1 are present in all the islet cells of some species (17, 18) . To directly elucidate the physiological roles of K ATP channels in the endocrine pancreas, we generated two types of Kir6.2 genetically engineered mice: mice expressing a dominant-negative form of Kir6.2 specifically in pancreatic ␤-cells (Kir6.2G372S Tg mice) (19) (20) .
THE PHENOTYPE OF KIR6.2G372S Tg
Kir6.2 is a protein composed of 390 amino acids with two transmembrane domains (TM1 and TM2). The H5 region, between TM1 and TM2, is highly conserved in inward rectifier K + channels, and the motif Gly-Tyr (or Phe)-Gly in the H5 region is thought to be critical for K + ion selectivity (19) . A substitution of the first residue of the Gly-Tyr-Gly motif with Ser (residue 156) is found in the G-protein-gated inward rectifier GIRK2 (Kir3.2) of the neurological mutant weaver mice (21 ] i ) is significantly higher than that in controls. Kir6.2G132S Tg mice exhibit relatively high serum insulin levels despite hypoglycemia, suggesting a phenotype resembling PHHI; however, in adult age, they develop mild to severe hyperglycemia among the various transgenic lines. Glucose-induced insulin secretion is markedly reduced in Kir6.2G132S Tg mice with severe hyperglycemia. The phenotype of Kir6.2G132S Tg is summarized in Table 1 This decrease in ␤-cell number could be due to accelerated ␤-cell death or to decreased ␤-cell proliferation. Bromodeoxyuridine incorporation into islet cells showed no difference between control mice and Kir6.2G132S Tg mice (T.I., unpublished data). However, apoptotic cells in the islets of Kir6.2G132S Tg mice were detected at a higher frequency than those in controls by TdT-mediated dUTP nick-end labeling (TUNEL) assay of serial sections of pancreases (19) . These data suggest the decrease in ␤-cell number of Tg mice is due to cell death, probably apoptosis (19) . Before 16 weeks of age, the number of ␤-cells in Kir6.2 -/-mice was similar to that of controls, but a decrease became evident in aged Kir6.2 -/-mice (T.I., unpublished data). Apoptotic cells detected by the TUNEL method were more frequent in the islets of Kir6.2 -/-mice than in those of control mice (26) . These apoptotic cells are most probably ␤-cells because, among the islet endocrine cells, the ␤-cell is the only one that shows a significant decrease in number with age in Kir6.2 -/-mice. The mechanisms of apoptosis in Kir6.2G132S Tg and Kir6.2 -/-mice are not clear at present. In weaver mice, the weaver mutant Kir3.2 homomultimeric channels lose their selectivity for K + ions and probably cause chronic depolarization of neurons because of an increase in basal Na + currents, which leads to death in cerebellar granule cells (22) (23) (24) (25) 27) . Unlike the weaver mutant channels, the Kir6.2G132S mutant channels do not exhibit any ionic currents (S. Gonoi, S.S., unpublished data). In the ␤-cells of Kir6.2 -/-mice, there is no K ATP channel activity. Therefore, in both Kir6.2G132S Tg and Kir6.2 -/-mice, it is likely that the chronic depolarization and the abnormally high levels of basal [Ca 2+ ] i due to the loss of K ATP channel function contribute to ␤-cell death. However, it appears that the ␤-cells of Kir6.2G132S Tg mice are more markedly affected than those of Kir6.2 -/-mice. The Kir3.2G156S weaver mutant reduces channel activity when coassembled with Kir3.1 (22). Because Kir6.2 and Kir6.1 can form heteromultimers (28) , overexpression of the Kir6.2G132S mutant in pancreatic ␤-cells may impair not only Kir6.2 function but also the function of other inward rectifiers such as Kir6.1 (which is expressed widely in tissues and possibly also present in ␤-cells) and lead to more severe ␤-cell damage. It has been suggested that K ATP channels are involved in protection from cell death (29, 30) . In addition, Efanova et al. (31) recently ] i . It has recently been shown that oxidative stress deteriorates the ␤-cells of GK rats, an animal model of type 2 diabetes (32). Although chronic hyperglycemia promotes oxidative stress in GK rats, it is not known whether oxidative stress participates in the decrease of ␤-cell number in aged Kir6.2 -/-mice. We therefore evaluated the oxidative stress of the ␤-cells of Kir6.2 -/-mice by measuring the levels of 8-hydroxy-2Ј-deoxyguanosine (8-OHdG)-and 4-hydroxy-2-nonenal (HNE)-modified proteins using quantitative immunohistochemical analyses with specific antibodies (33) . In contrast to the GK rat, neither 8-OHdG nor HNE was detected in ␤-cells of aged Kir6.2 -/-mice (data not shown). Accordingly, it is unlikely that oxidative stress contributes to the decrease of ␤-cells in Kir6.2 -/-mice.
MORPHOLOGICAL CHANGES IN THE ISLETS OF KIR6.2G132S Tg AND KIR6.2 -/-MICE
Islet architecture is abnormal in both Kir6.2G132S Tg and Kir6.2 -/-mice. Some alterations are common to both mouse lines, but others are not ( Table 2 ). The differences in morphological changes between Kir6.2G132S Tg and Kir6.2 -/-mice are probably due to K ATP channel function being defective only in the ␤-cells of Kir6.2G132S Tg mice, whereas it is defective in all the endocrine cells of the islets in Kir6.2 -/-mice. The ␣-cells, which are normally located at the periphery of the islets, are also present in the central part of the islets in both Kir6.2G132S Tg and Kir6.2 -/-mice. This abnormality in topographical arrangement could be due to the disruption of K ATP channels in ␤-cells because the K ATP channels in the other endocrine cells of the islets are not impaired in Kir6.2G132S Tg mice. This suggests that direct interaction by cell-to-cell contact or indirect interaction via unknown paracrine signals between ␤-and ␣-cells might be important for the maintenance of normal pancreatic architecture; disruption of the ␤-cell K ATP channels could well impair such interactions. The number of ␦-cells appears to be normal. We initially found that the number of islet cells stained by an anti-PP antibody was markedly increased in Kir6. Since it has been suggested that PYY and glucagon double-positive cells appear in the early stage of development of the endocrine cells of pancreatic islets (34, 35) , disruption of the Kir6.2 gene might impair the differentiation into mature ␣-cells.
CONCLUSIONS
Studies of these two mouse lines with impaired K ATP channel function show clearly that the K ATP channels in pancreatic ␤-cells are critical in both glucose-induced and sulfonylureainduced insulin secretion. They also stress the important roles of K ATP channels in ␤-cell survival and differentiation of islet endocrine cells. Further studies on the mechanisms of cell death and islet cell differentiation in such mice should provide more direct insight into the pathogenesis of type 2 diabetes as well as normal differentiation of islet endocrine cells. 
